Hedyotis hedyotidea has been used in traditional Chinese medicine for the treatment of autoimmune diseases. However, the mechanisms underlying for the effect remain unknown. We previously showed that, among 11 compounds extracted from H hedyotidea, betulin produced the strongest suppressive effect on T cell activation. Here, we examined the hepatoprotective effects of betulin against acute autoimmune hepatitis in mice and the mechanisms underlying the effects. Freshly isolated mouse splenocytes were stimulated with concanavalin A (Con A, 5 μg/mL) in the presence of betulin, the cell proliferation was assessed with CSFE-dilution assay. Mice were injected with betulin (10, 20 mg· kg -1 ·d -1 , ip) for 3 d. One hour after the last injection, the mice were injected with Con A (15 mg/kg, iv) to induce acute hepatitis. Blood samples and liver tissues were harvested at 10 h after Con A injection, and serum transaminase levels and liver histopathology were detected; serum levels of proinflammatory cytokines, hepatic T lymphocyte ratios, and functional statuses of conventional T and NKT cells were also analyzed. Betulin (16 and 32 μmol/L) dose-dependently suppressed the proliferation of Con A-stimulated mouse splenocytes in vitro. In Con A-challenged mice, preinjection with betulin (20 mg· kg -1 ·d -1 ) significantly decreased the levels of proinflammatory cytokines IFN-γ, TNF-α and IL-6, and ameliorated liver injury. Furthermore, pretreatment with betulin (20 mg· kg -1 ·d -1 ) significantly inhibited the Con A-induced activation of NKT and conventional T cells, and decreased production of proinflammatory cytokines IFN-γ, TNF-α and IL-6 in these two cell populations. Betulin has immunomodulatory effect on overly activated conventional T and NKT cells and exerts hepatoprotective action in mouse autoimmune hepatitis. The findings provide evidence for the use of H hedyotidea and its constituent betulin in the treatment of autoimmune diseases.
Introduction
Hedyotis hedyotidea (H hedyotidea) belongs to the family Rubiaceae and is widespread in southern China. The entire H. hedyotidea plant is used in Chinese folk medicine to treat various diseases [1, 2] such as cold, cough, gastroenteritis, heatstroke, hepatitis, rheumatoid arthritis, and herpes zoster. Moreover, it is also used in several prescribed herbal formulations used for the treatment of autoimmune diseases, such as Niu-BaiTeng-He-Si-Miao-Tang for acute rheumatoid arthritis [3] and Fu-Fang-Niu-Bai-Teng-Tang for acute hepatitis treatment [4] . Despite the traditional use of H hedyotidea in autoimmune diseases, limited studies have been made to identify its antiinflammatory potential and related mechanism. Several crude/uncharacterized extracts of H hedyotidea have been used to evaluate anti-inflammatory effects associated with the reduction of xylene-induced ear swelling and capillary permeability [5] . Unfortunately, that study did not present any experimental results concerning the active constituents. The lack of knowledge of the active constituents of H hedyotidea, together with the fact that we have recently identified betulin from among eleven H hedyotidea-derived compounds as having the strongest suppressive effect on T cell activation [6] , prompted us to examine the effects of betulin on liver injury to decipher the www.nature.com/aps Zhou YQ et al Acta Pharmacologica Sinica mechanism responsible for the effects of H hedyotidea, a traditional treatment for hepatic diseases. Betulin, a pentacyclic triterpenoid compounds, was originally isolated from H hedyotidea. It possesses a broad spectrum of pharmacological activities, including anti-tumor [7] , antiviral [8] , anti-inflammatory [9] , and anti-atherosclerotic plaque [10] activities. Recently, Quan [11] and Wan [12] have reported that betulin and its derivative are effective against alcoholic and non-alcoholic fatty liver disease. These reports suggest that betulin does have a hepatoprotective effect against liver injury. However, the mechanism involved remains unclear, thus limiting the use of betulin and H hedyotidea in the treatment of hepatic autoimmune injury. Therefore, in this study, we sought to elucidate whether and how betulin attenuates hepatitis and/or contributes to the hepatoprotection of H hedyotidea in a concanavalin A (Con A)-induced mouse model of acute hepatitis.
Materials and methods
Plant material and extraction H hedyotidea was collected from Guangxi Province, China in June 2012. The plant was identified and authenticated by Prof Jia-chun CHEN from the Huazhong University of Science and Technology. A voucher specimen (No 20120611) was deposited at the Laboratory of Pharmacognosy of Huazhong University of Science and Technology. Compounds were extracted and isolated from H hedyotidea as previously described [6] . Owing to the limited amount of extracted betulin, we obtained additional betulin commercially for in vivo study. The betulin from the H hedyotidea plant and the commercially available betulin had the same structure [13] .
Reagents
Commercial betulin was purchased from Tauto Biotech Co, Ltd (purity ≥98%, Cat E-0164, CAS 473-98-3, Shanghai, China 
Proliferation assay
Spleens from C57BL/6J mice were homogenized with syringe plungers to prepare single cell suspensions and passed through 0.1-mm sterile nylon mesh. After erythrocyte depletion, purified splenocytes were resuspended in 0.1% BSA-PBS and labeled with 2 μmol/L CFSE at a density of 3×10 6 cells/mL for 8 min in a 37 °C incubator. Splenocyte viability was examined by trypan-blue exclusion on a hemocytometer, and in all cases cell viability was higher than 95%. The CFSElabeled splenocytes were seeded at 3×10 5 cells/well in 96-well flat-bottom plates (Costar, Cambridge, MA) containing 200 μL RPMI-1640 medium with 10% heat-inactivated fetal bovine serum (FBS, complete medium) plus various concentrations of betulin (0-32 μg/mL) in the presence of Con A (5 μg/mL). The plates were incubated in a humidified chamber at 37 °C and 5% CO 2 . After 72 h, the CFSE signal of gated splenocytes was detected by using an LSR II flow cytometer (Becton Dickinson, San Jose, CA, USA).
In vitro toxicity assay
One hundred microliters of freshly isolated splenocytes was seeded at 3×10 5 cells/well in 96-well flat-bottom plates and treated with 100 μL of various concentrations of betulin (0-32 μg/mL, with no more than 0.1% dimethyl sulfoxide, DMSO) in RPMI-1640 complete medium. After cells were cultured for 68 h, MTT was added at a final concentration of 5 mg/mL, and the plates were incubated for another 4 h. Cellfree supernatants were removed, and 150 μL of DMSO was added to the wells. The optical density was detected at 492 nm with a microplate reader (Tecan GENios, Austria). The experiment was repeated three times.
The L02 normal human hepatocyte line was grown in Dulbecco's modified Eagle's medium (DMEM) with 10% FBS and 1% penicillin/streptomycin at a density of 4×10 4 cells/mL in 96-well flat-bottom plates. The toxicity of betulin on L02 cells was measured by using the above-mentioned MTT assay.
Hepatitis induction and treatment
To evaluate the effects of betulin on acute fulminant hepa- titis, the mice were randomly divided into 6 groups. The groups and corresponding treatments are listed in Table 1 . The administration time and betulin dosage were determined according to our preliminary experimental results.
For the survival assay, one Con A challenge and one betulin treatment (Con A+BT 20 ) group (7 mice for each group) were established to monitor the prolonged effects of betulin for 72 h.
Blood samples were collected from the orbital venous plexus under mild pentobarbital anesthesia at 10 h after the Con A injection, and the serum was separated and stored at -80 °C until cytokine and aminotransferase levels were measured. Later, mice were sacrificed by cervical dislocation under mild pentobarbital anesthesia, and livers were harvested, and the weight, lymphocyte subset and histopathology were determined. To evaluate the activation and cytokine production of T and NKT cells, mice were sacrificed 8 h after the Con A injection.
Isolation of hepatic mononuclear cells
Hepatic mononuclear cells (MNCs) were isolated as described by Watarai et al [14] . Briefly, each mouse liver was first perfused with Hank's balanced salt solution to eliminate blood until the liver become pale. Liver tissues were removed and pressed through a 70 μm cell strainer (Cat 352350, BD, USA). The liver cell suspensions were collected and resuspended in RPMI 1640 medium. Hepatic MNCs were purified by density gradient centrifugation in a 38% Percoll solution (Cat 17-0891-01-1, GE Healthcare, USA).
Flow cytometry analysis
For extracellular staining, cells (1×10 6 ) were transferred into FACS tubes and stained with specific surface marker mAbs for 30 min on ice. For intracellular staining, cells were cultured with BFA in the presence or absence of PMA (50 ng/mL) and ionomycin (500 ng/mL) for 4 h. Cells were first stained for surface markers, then fixed with IC fixation buffer. Fixed cells were permeabilized with 1× permeabilization buffer and then stained for the following intracellular cytokines: IFN-γ, TNF-α and IL-4. Data were acquired via FACSVerse™ and analyzed with FlowJo software (TreeStar, Ashland, OR, USA).
Serum transaminase assessment
Serum aminotransferase levels (ALT and AST) were determined using commercially available kits according to the manufacturer's instructions.
Serum cytokine assay
The levels of IFN-γ, TNF-α, IL-2, IL-4, IL-6, IL-10, and IL-17A in the serum 10 h after Con A challenge were examined with a CBA kit for mouse Th1/Th2/Th17 cytokines according to the manufacturer's protocols.
Histological examination
Liver samples were fixed in 4% formaldehyde, dehydrated in a graded series of alcohol and embedded in paraffin wax. Fourmicron-thick sections were cut and stained with hematoxylineosin (H&E) and observed by three pathologists in a blinded manner. The extent of the pathology was scored from 0 (no pathology) to 3 (severe pathology) as previously described [15] .
Statistical analysis
Data are presented as the mean±SEM. Statistical analyses were performed with one-way ANOVA by using Prism 6.0 (GraphPad Software, San Diego, CA, USA). P<0.05 was considered to be statistically significant.
Results
Betulin suppresses the proliferation of Con A-stimulated splenocytes The betulin isolated from H hedyotidea was confirmed to be identical to the structure previously described by nuclear magnetic resonance (NMR) spectra and mass spectra (MS) [6, 13] ( Figure 1A ). Detailed parameters for the spectra are listed in Supplemental Table 1 . A total of 12.6 mg of betulin was obtained from 27 kg of crude plant material. The purity of betulin (≥98.5%) was determined via high performance liquid chromatography with a UV detector. To investigate whether betulin contributes to the anti-inflammatory effect of H hedyotidea, a Con A-induced splenocyte proliferation assay was carried out in the presence of betulin. In response to Con A stimulation, mouse splenocytes strongly proliferated. However, betulin attenuated Con A-stimulated splenocyte proliferation in a dose-dependent manner ( Figure 1B ). To further determine the toxicity of betulin, splenocytes and L02 human normal liver cells were incubated with varying concentrations of betulin (2-32 μg/mL) for 72 h. The results showed that betulin had little toxic effect on either splenocytes or L02 cells at the tested concentrations (supplemental Figure 1 ). These observations demonstrated that betulin inhibited the proliferation of Con A-stimulated splenocytes and showed little toxicity at a concentration range of 2-32 μg/mL. Betulin ameliorates Con A-induced liver injury in mice Next, we evaluated the effects of betulin on Con A-induced hepatitis in vivo. Because plasma transaminase is a valid indicator of the severity of hepatic injury, we first examined serum ALT and AST levels in the Con A-challenged mice. As expected, markedly elevated serum levels of ALT and AST were observed (Figure 2A, 2B) . Pretreatment with betulin significantly inhibited the increase in serum ALT and AST levels induced by the Con A challenge. In addition, the serum transaminase levels of the betulin control (20 mg/kg) mice were similar to those of the normal control mice (Figure 2A, 2B) , thus suggesting little hepatic toxicity of betulin in vivo.
To further confirm the hepatic protective effects of betulin, H&E stained liver sections were evaluated for histopathology. In the Con A challenge group, the liver sections exhibited severe signs of liver damage characterized by numerous infiltrating leukocytes and edematous, necrotic hepatocytes To quantify the histopathological changes, three individuals scored the results in a blinded manner, and the scores were subjected to ANOVA analysis. The results showed lower histopathological scores in the betulin-treated group relative to the Con A challenge group ( Figure 2D) . Furthermore, betulin significantly attenuated the Con A-induced hypertrophy of liver tissue, as determined on the basis of the liver/body weight ratio ( Figure 2E ). In addition, treatment with betulin also increased the long-term survival rate relative to that of the Con A challenge group ( Figure 2F) . Together, these results indicated that pretreatment with betulin provides significant protection against Con A-induced hepatic damage.
Betulin reduces serum levels of IFN-γ, TNF-α, and IL-6 in mice with hepatitis Several lines of evidence suggest that IFN-γ [16, 17] , TNF-α [18, 19] , IL-4 [20] , and IL-17 [21, 22] promote hepatic damage, whereas IL-10 [23] protects the liver from injury, and IL-6 [18] has varying effects depending on the stage of Con A-induced hepatitis at which it is present. To ascertain whether betulin interfered with the systemic levels of these cytokines, we examined the serum levels of IFN-γ, TNF-α, IL-2, IL-4, IL-6, IL-10, and IL-17 by using a CBA kit. In the Con A challenge group, we found that only the levels of the proinflammatory cytokines IFN-γ, TNF-α, and IL-6 were dramatically increased relative to those in the normal control mice. Betulin ameliorated the Con A-induced cytokine production, because the betulin-treated mice showed markedly decreased circulating levels of IFN-γ, TNF-α, and IL-6 ( Figure 3A-3C ). There were no significant differences in the serum levels of IL-4, IL-2, IL-17, or IL-10 among the groups ( Figure 3D-3G) .
Betulin abolishes Con A-induced activation and inflammatory cytokine production by NKT cells Activated T cells [18, 24] , including NKT [25] cells, contribute to the Con A-induced development and progression of hepatic inflammation. Pentacyclic triterpene compounds are well known to exert anti-inflammatory effects through targeting macrophages, oxidative stress mediators (ie, superoxide dismutase, prostaglandins, cyclooxygenase-2 or nitric oxide) [26, 27] . To investigate whether betulin, a pentacyclic triterpene compound, has an effect on T cells, T cell subsets were analyzed 10 h after Con A injection. In the Con A challenge group, compared with the untreated control group, the percentages of hepatic NKT cells and conventional CD4 + T cells were significantly decreased ( Figure 4A, 4C, 4E, 4F ), whereas the percentage of hepatic conventional CD8 + T cell was increased ( Figure  4D, 4F) . Notably, betulin treatment partially rescued hepatic NKT cell depletion, because the betulin-treated mice, compared with the Con A challenge mice, showed an increased hepatic NKT ratio ( Figure 4A, 4E) . Activation-induced NKT cell death has been proposed to be the cause for the selective depletion of hepatic NKT cells after Con A challenge [28] . Here, we found that betulin treatment decreased CD69 expression on NKT cells (Figure 5A ), thus suggesting that betulin restored the NKT cell ratio by inhibiting Con A-induced NKT cell activation, given that CD69 is a surface marker for T cell or Betulin decreases the activation and inflammatory cytokine secretion of hepatic conventional T cells in Con A-challenged mice Next, we compared the activation and functional status of hepatic conventional T cells in the Con A challenge and betulin treatment groups. We observed a robust activation of conventional T cells in Con A challenge group, which was characterized an increase in CD69 expression on CD3 + CD1d-tetramer -cells. Both conventional CD4 + and CD8 + T cell subsets showed elevated CD69 expression in response to Con A. In the betulin-treated mice, the CD69 expression levels in both populations were markedly decreased, thus indicating that betulin also inhibited the Con A-induced activation of conventional T cells (Figure 6A-6C) . Moreover, betulin strongly decreased the secretion of TNF-α and IFN-γ by CD4 + T cells (Figure 6D, 6E) . However, the compound did not significantly inhibit Con A-induced cytokine production by CD8 + T cells.
PMA and ionomycin are usually used as non-specific activators of polyclonal T cells and stimulate T cells to produce maximal cytokine levels in vitro. Interestingly, after PMA/ ionomycin stimulation, the NKT cells and conventional T cells from the betulin-treated mice showed cytokine expression levels similar to those from Con A challenge mice, thus suggesting that the compound did not affect the potential cytokine production capacity of any T cell subset (supplemental Figure  2) .
Discussion
Autoimmune hepatitis is a common clinical syndrome with complicated pathological mechanisms. Natural extracts from plants used in Chinese folk medicine have various bioactivities and immunomodulatory effects and provide a promising path for autoimmune hepatitis treatment. Previous studies have identified a large number of substances derived from those plants; these substances have been shown to possess therapeutic potential and low toxicity for treatment of mul- tiple diseases [29, 30] . For example, the species Hedyotis, which is used in folk medicine, provides an abundant source of natural products that are beneficial to hepatitis [4] . Con A-induced acute hepatitis in mice is a well-characterized model for studying the pathogenesis of human hepatic diseases and the screening of hepatoprotective drugs [24] . In
Con A-induced hepatitis, the inflammatory response is responsible for liver damage and is mainly driven by proinflammatory Th1 cytokines. High levels of proinflammatory cytokines such as TNF-α [18, 19] and IFN-γ [16] have been shown to promote the progress of this disease. In addition, neutralizing or knocking out the secretion of these cytokines leads to animal resistance to Con A-induced hepatic damage. In the present study, we examined the circulating levels of seven cytokines by using a CBA. Although IL-4, IL-2, and IL-17 have been reported to promote inflammation in Con A-induced hepatitis, we did not observe elevation of these cytokines after Con A injection. Each cytokine is secreted with specific kinetics in response to Con A [31] . For example, after Con A challenge, circulating TNF-α levels reached the peak first and rapidly decrease; IL-2 and IL-4 reach a peak after approximately 2-4 h and then rapidly decrease; IFN-γ rises slowly, but this peak is long lasting; IL-6 reaches a peak after approximately 3 h and then decreases to a lower level after 6 h [18, 31] . Ten hours after Con A injection, we found that Con A challenge resulted in a burst of IFN-γ, TNF-α, and IL-6 secretion ( Figure 3A-3C ), results consistent with those from previous reports [32] . Betulin treatment significantly decreased the levels of IFN-γ, TNF-α, and IL-6 in the serum, thus suggesting that betulin ameliorates the severity of inflammation by suppressing the secretion of the proinflammatory cytokines, particularly Th1-type cytokines.
Accumulating evidence suggests that CD4 + T cells [18, 31] and NKT cells [25, 28] are both critical in Con A-induced liver damage. After Con A challenge, polyclonal T cells are directly activated independently of TCR-mediated recognition; this activation is followed by the secretion of a large amount of Th1-type cytokines. Concurrently, hepatic NKT cells are also rapidly activated and secrete Th1 and Th2 type cytokines, such as IFN-γ and IL-4. NKT cells are abundant in the liver [33, 34] , and most NKT cells are CD4 single positive (CD3 
CD8
-). Activated NKT cells contribute to both the innate and adaptive immune responses. These effects not only defend against diverse pathogens and carcinoma but also lead to tissue damage in inflammation and autoimmune disease. Thus, regulating T and NKT cell activation can be beneficial in the treatment of inflammatory diseases. In the present study, both NKT and conventional T cells, the major participating cell populations in the injured liver, were robustly activated by Con A ( Figure 5A and 6A-6C). This activation was significantly attenuated by betulin treatment. The administration of betulin decreased the enhanced expression of CD69 on NKT and conventional T cells ( Figure 5A and 6A-6C). Therefore, the inhibition of T and NKT cell activation is one of the anti-inflammatory properties of betulin.
In addition to secreting cytokines, NKT cells also directly participate in perforin/granzyme-and/or Fas/Fas ligand (FasL)-mediated cytotoxicity. The cytotoxicity of NKT cells not only induces hepatic damage but also results in the apoptotic elimination of NKT cells from the liver during Con A challenge [28] . Our results confirmed the rapid disappearance of activated NKT cells in the Con A-challenged liver ( Figure  4A , 4E). Although we did not detect the expression of FasL on NKT cells, the lower CD69 expression level together with the restored NKT cell ratio suggested that the activation-induced cell death (AICD) of NKT cells was abolished in the betulintreated mice.
Although NKT cells act as the predominant effector cells in Con A-induced hepatitis, the depletion of NKT cells begins as early as 4 h after Con A administration [28] . Thus, it is the NKT cell-derived proinflammatory cytokine polarizing Th1-biased response rather than NKT cell-mediated cytotoxicity that plays a much more important role in the latter phase of inflammation induced by Con A. Many studies have attempted to target the production of proinflammatory cytokines for autoimmune disease treatment. Nakaya and colleagues [35] have reported that SOCS3 in T and NKT cells negatively regulates cytokine secretion and decreases Con A-induced liver injury. Our results showed that betulin down-regulated cytokine production by NKT cells and conventional T cell after Con A challenge ( Figure 5B , 5C, and 6D, 6E). Although betulin treatment was observed to abolish the Con A-induced excessive production of inflammatory cytokines in all T cell subsets, it did not impair their potential cytokine production capacities. Because betulin has been reported to inhibit production of pro-inflammatory cytokines by decreasing the activation of nuclear factor-κB (NF-κB) [36] and/or activating the STAT3 [37] signaling pathway during the inflammatory response, similar mechanisms may be responsible for the anti-inflammatory effects of betulin observed in this study.
In conclusion, pretreatment with betulin inhibited NKT and conventional T cell activation, and decreased production of proinflammatory cytokines in these two cell populations. These results provide evidence for the immunomodulatory activity of betulin and provide support for the popular use of H hedyot idea and its betulin constituent in the treatment of T cell-dependent autoimmune diseases.
Abbreviation
ConA, concanavalin A; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; CFSE, carboxyfluorescein diacetate succinimidyl ester; AIH, acute induced hepatitis; CBA, cytometric bead array; ICS, intracellular cytokine staining; PMA, phorbol myristate acetate; ALT, alanine aminotransferase; AST, aspartate aminotransferase; MNC, mononuclear cell; NKT, natural killer T; DMSO, dimethyl sulfoxide.
